Introduction
Due to the increasing demands on light materials in the automotive and aerospace industries, more efforts have been devoted to developing Mg alloys in order to obtain competitive or better mechanical properties than those of Al alloys. In recent years, an icosahedral quasi-crystalline phase (i-phase) was found in MgZn-Y alloys (e.g. Mg-4.3Zn-0.7Y at. %) [1] . Due to the high hardness and thermodynamic stability of the i-phase, the alloy exhibited a promising yield strength of ~410 MPa at room temperature [2] [3] [4] . By changing the Zn/Y ratio, a Mg-1Zn-2Y at. % alloy was prepared using a powder metallurgy route and the M A N U S C R I P T
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yield strength of the alloy containing a long-period stacking ordered (LPSO) phase and nano-sized grains was further improved to 610 MPa [5] . Even via casting route, the LPSO-containing Mg-Zn-Y alloys still exhibit a typical yield strength of 270-420 MPa [6] [7] [8] . The i-phase and LPSO phase greatly strengthened the Mg. Previous studies [9] [10] [11] [12] [13] [14] [15] although the general trend in ternary phase formation remains similar, the morphology and formation conditions of the secondary phases may differ [16] [17] [18] . For example, the LPSO phase of blocky shape forms preferentially along grain boundaries in as-cast Mg-Zn-Y alloys, while in Mg-Zn-Gd alloys the LPSO phase forms as thin lamellae after high temperature aging [18, 19] . Some researchers have focused on the microstructural change in Mg-Zn-Y alloys when Y is partly replaced by Gd. Yang et al. [20] studied Mg-3.9Zn-0.6RE at. % alloys with constant total RE (i.e. Gd and Y) content but varying Gd/Y ratio. They found that increasing the Gd/Y ratio has led to a greater variety of secondary phases present in the alloy. Shi et al. [21] studied Mg-3Zn-3RE at. % alloys with different amount of Y and Gd. They showed that with increasing amount of Gd, the volume fraction of LPSO phase first increased and then decreased. However, the role of Gd on the secondary phase formation still remains unclear. In this paper, the effect of Gd on the microstructure and hardness of Mg-Zn-Y-(Gd) alloys has been investigated. The Y and Gd distributions between the different phases of the alloys, including the Mg matrix, the W phase, the LPSO phase and the i-phase, were also compared. The effect of Gd addition on second phase formation is discussed in light of the results obtained.
Experimental procedure
Alloys with a nominal composition of Mg-4.2Zn-0.8Y-xGd (at.%, x=0, 0.5, 1) were prepared using Mg (99.9 wt.%), Zn (99.99 wt.%) and Mg-30Y (wt.%) and Mg-30Gd (wt.%) master alloys. The raw materials were melted and cast in a vacuum induction furnace. Before the melting, the furnace chamber was M A N U S C R I P T
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pumped down to 4×10 -1 Torr using a rotary pump and then back filled with Ar gas to 400 Torr. This pumping and re-filling was repeated 3 times. The alloys were then melted in a steel crucible under 400
Torr Ar protection. The melt was held for 10 min and then cast into a 5 mm thick steel mould of 100 mm (length) × 67 mm (width) × 34 mm (height). The mould was located on top of a steel cylinder, also accommodated in the same chamber. The cast alloys were allowed to cool down in the chamber under Ar protection.
The as-cast specimens were examined using a PHILIPS X' Pert X-ray diffractometer (XRD) with a scanning speed of 2°/min and a scanning angle ranging from 20° to 100°. The XRD data was then analysed using MATCH! software with the Crystallography Open Database. The LPSO phase was indexed using crystallographic data from Zhu et al. [14] . The microstructures of the as-cast alloys were characterized using a ZEISS Axioskop 2 optical microscope (OM) and a JEM-2100 transmission electron microscope (TEM) equipped with Oxford Instruments INCA EDS. The samples for OM were etched in a solution containing 4 mL nitric acid and 96 mL ethanol. TEM foils were mechanically ground down to 150 µm and then twin-jet polished in a solution containing 40 mL perchloric acid and 960 mL ethanol at -10 °C followed by final gentle cleaning on a Gatan 691 Precision Ion Polishing System. The hardness of the alloys was measured using an automated Struers DuraScan-50 micro-hardness machine with 0.1 kg load; 20 measurements were taken under each condition. 
Results
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weak peak which is consistent with the LPSO phase could be observed in alloy II. When Gd content was increased to 1 at.% (alloy III), the XRD spectrum becomes similar to that from alloy II, i.e. W phase is the main secondary phase. Further microstructural characterization of the as-cast alloys was carried out using TEM. Fig. 3a shows a bright field image obtained from the as-cast alloy I, which indicates a W phase particle and an i-phase particle attached together. It should be noted that the i-phase was occasionally observed in the TEM study of all three as-cast alloys, while no peak associated with i-phase has been observed by XRD, presumably due to its low volume fraction. 
The chemical compositions of the Mg matrix and the secondary phases were measured using EDS on the TEM and the average values from 10 measurements are listed in Table 2 . Shahzad and Wagner [24] have reported that the Zn concentration in the matrix may vary between different regions in a Mg-Zn-Zr alloy.
A similar phenomenon has been observed in the current study. In alloy I, the matrix near the grain Table 2 were taken from the centres of the grains in the three alloys. In the matrix, the Mg content is 97.5 at.% or above, which means that the solid solution content is less than 2.5 at.%. Before Gd was added, only 0.06 at.% Y was found in the matrix. Y and Gd remained at a low level in the as-cast alloy II when 0.5 at.% Gd was added, but an obvious increase in the Y and Gd concentration in the matrix was observed in alloy III when 1 at.% Gd was added. On the other hand, the Zn concentration shows a different trend from Gd: it increased first to 2.32 at.% in alloy II and dropped to 1.33 at.% in alloy III. In the W phase and i-phase, the total rare earth element (Y and Gd) concentration remained almost unchanged when Gd was added.
Discussion
Y and Gd are RE elements and have some similar properties in 
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LPSO phases: LPSO phase is observed in the as-cast condition in Mg-1Zn-2Y at.%, but formed only after heat treatment (400 ℃ for 10 h) in Mg-1Zn-2Gd at.% [19, 23] . In this report, the partitioning of Y and Gd between different phases of the three alloys has been analysed. Mg-Zn-Y ternary phase diagrams have been studied with increasing interest due to their good creep resistance at elevated temperature. Padezhnova et al. [27] reported the existence of LPSO phase in the Mg corner of the Mg-Zn-Y phase diagram and Tsai et al. [28] reported the co-existence of liquid, i-phase, W phase and H phase at 427-600 ℃ in the Zn-rich corner. I-phase was reported to be the main secondary phase in an as-cast Mg-4.2Zn-0.8Y at.% alloy [29] . In this work, there were however more W phase and H phase than i-phase which was observed only in a small quantities in alloy I. The co-existence of i-phase and W phase with a specific orientation relationship was also observed in the current study (c.f. Fig. 3a) , suggesting that phase transformation from i-phase to W-phase or, vice versa, may have occurred during casting. Singh et al [22, 30, 31] reported that the i-phase can transform into H phase upon annealing at 460 ℃, or transform reversibly to W phase at the slightly lower temperature of 448 ℃. An invariant fourphase reaction described as L + W = (Mg) + I at 520 ℃ is also confirmed by Gröbner et al. [11] , where detailed Mg-Zn-Y phase diagrams were calculated. Similarly, the reaction L + H = W + I at 526 ℃ also exists [11] . The cooling rate plays a key role during these phase transformations and fast cooling would be expected to suppress this reaction. It is therefore likely that the larger amount of W and H phases M A N U S C R I P T
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observed in the present work as compared with those reported in the literature may be caused by the modest cooling rate.
In the Mg-Zn-Y-Gd quaternary system, Gd replaces some Y in both the matrix and the secondary phases, thus the quaternary alloy can be simplified to the Mg-Zn-(Y+Gd) ternary system. Upon 0.5 at.% Gd addition, a significant microstructure change has been observed. Lamellar LPSO phase formed in the grain interiors along with more W phase particles and a small amount of i-phase. The secondary phases in
Mg-Zn-Y (or Gd) alloys are sensitive to the Zn/Y (or Zn/Gd) ratio [9, 18, 32] . In the Mg-Zn-Y ternary system, Lee et al. [9] reported that i-phase and W phase are the secondary phases when the Zn/Y ratio is between 1.8 to 6 in the Mg-Zn-Y system. When the Zn/Y ratio is between 0.3 and 1, the LPSO phase exists widely [5, [33] [34] [35] [36] . Gröbner et al. [11] examined Mg-Y-Zn ternary samples after DSC heating to 900 ℃ and slow cooling at a maximum rate of 5 K·min With Gd addition, an increase in the microhardness of the alloys was observed. This is probably due to the overall amount of the alloying elements increasing, which would result in a decrease in grain size and an increase in volume fraction of the secondary phases (mainly LPSO and W phase), thus strengthening the alloy via the Hall-Petch relationship and by precipitation hardening. It is worth mentioning that unlike M A N U S C R I P T
the hard intermetallic W phase, the LPSO phase is likely to deform by kinking which will introduce lots of kink boundaries and work harden the alloy as a result of refinement [38] .
Summary
The current study shows that in the Gd-free Mg Table 1 Grain sizes, area fractions of precipitates and hardness of the three alloys. Table 2 Compositions of different phases in the as-cast alloys (at.%). 
